Postseismic deformation for the Izmit-Duzce, Turkey earthquake sequence: Implications for the mechanics of the earthquake cycle and rheology of the continental lithosphere

Summary

The Izmit-Duzce earthquake sequence (M=7.4, 17/08/1999; M=7.2, 12/11/1999) offers a unique opportunity to answer long-standing, fundamental questions about the nature of the earthquake cycle (mechanics of strain accumulation and release), and the rheology of the crust and upper mantle. The geodetic data set we are compiling for these earthquakes includes both a well-determined pre-earthquake velocity field around the earthquake fault, and a network of GPS stations within the coseismic deformation zone (near and far field) that captured the initial rapid, and ongoing, longer-term postseismic deformation. This is one of the most complete geodetic records of deformation for any major continental earthquake anywhere in the world. Interpretation of the geodetic record is facilitated by detailed seismic observations before, during, and following the earthquake sequence, field mapping of fault offsets, satellite image (SPOT) and geodetic (InSAR) studies, and geologic studies of the 20th Century sequence of earthquakes that propagated along the North Anatolian Fault (NAF) from E to W fracturing almost the full 1200 km length of the fault (excluding the Marmara segment). Furthermore, the NAF has a long and well recorded historical seismic record extending back almost 2000 years that, along with the well-constrained paleoseismic record and recent geodetic observations, provides an extensive data set for testing time- and slip- predictable earthquake models of continental faulting. Using this rich data set, and observations made over the next decade, we should be able to answer some fundamental questions about how, in 4 dimensions, tectonic strain is accumulated and released in the continental lithosphere, and thus infer both rheological and fault properties associated with continental deformation.
We propose to continue to precisely monitor deformation following the Izmit-Duzce earthquake sequence in collaboration with our Turkish partners, and to extend our modeling effort to produce a quantitative description of the dynamics of the NAF system seismic cycle. The proposed research builds on our prior efforts undertaken in collaboration with our Turkish partners (Ergintav et al., 2009; Hearn et al., 2009) that included analysis of 6.5 years of postseismic GPS observations (both continuous [CGPS] and survey [SGPS]) to characterize the temporal and spatial behavior of postseismic motions, and dynamic modeling for the initial 2.5 year period following the earthquake sequence. These studies demonstrate the importance of rapid postseismic afterslip, and the need to incorporate viscoelastic relaxation with non-linear, lower crust and upper mantle rheologies to account for the pattern of pre-earthquake strain accumulation and the 4-D character of postseismic deformation. In addition, the GPS observations indicate postseismic extensional strain normal to the earthquake fault that is incompatible with any of the postseismic models investigated and may be related to regional tectonic stress and changes in fault or lower crustal rheology induced by the earthquakes.

Specific initiatives we propose include: 1) extend our prior studies to include data that are now available for the past 4 years, 2) maintain the CGPS network and undertake annual surveys of the postseismic survey network, 3) incorporate in our analysis and dynamic modeling studies, new GPS, gravity, INSAR, and geologic data (long-term fault slip rates and pre-historic earthquake record), and 4) undertake quantitative modeling to constrain lithospheric rheology and fault mechanics. Each of these initiatives will be highly leveraged by the substantial investment by our Turkish partners to continue GPS monitoring for earthquake hazards in the greater Istanbul area, by our University of Montpellier partners who have independent support for continued dynamic modeling, and GFZ with which we propose to collaborate to install continuous GPS monitoring at seismic stations and on deep seismic array boreholes on the Princes Islands in the Marmara Sea near the NAF (GFZ PIRES project and GONAF proposal pending with ICDP).

Intellectual Merit: The proposed research will provide an important set of observations on the nature of the earthquake cycle for a major continental strike-slip fault with direct implications for earthquake mechanics, estimating earthquake repeat times, crust and upper mantle rheology as a function of the state of stress, and interaction between earthquake processes and regional tectonics. Broader Implications: This case study provides information on the mechanics of continental strike-slip faults in general, including the San Andreas Fault, the rheological character of the lower crust and upper mantle, earthquake and tsunami hazards in the greater Istanbul area, and opportunities for international collaboration and student research.
PROJECT DESCRIPTION
1. RESULTS FROM PRIOR NSF SUPPORT

EAR-9909730; $325,334; 3/1/00 – 2/29/2004 (1-year no-cost extension); 0337497; $639,126; 01/15/04 – 12/31/08; “Present-day kinematics and dynamics of the eastern Mediterranean and Caucasus”. EAR-00-01095; INT-0001143; “Post-seismic Deformation for the Izmit—Düzce Earthquake Sequence”; $120,920; 8/15/2000—7/31/2003; PI. R. Reilinger. These projects have provided quantitative information on continental dynamics in a complex zone of plate interaction, new constraints on the mechanics of the earthquake cycle, and on the rheology of the crust and upper mantle. Our main results for postseismic deformation following the Izmit—Duzce earthquake sequence are described in the body of this proposal and the cited references.  Regional geodynamic results for our E Mediterranean studies are described in the following, selected post-2000 publications.

Allmendinger, R.W., R. Reilinger, and J. Loveless, Strain and rotation rate from GPS in Tibet, Anatolia, and the Altiplano, Tectonics, 26,TC3013, doi:10.1029/2006TC002030, 2007.

Burgmann, R., et al., Deformation during the 11/12/99 Düzce, Turkey earthquake from GPS and InSAR, Bull. Seismol. Soc. Am., 92, 161-171, 2002.

Ergintav, S., et al., Postseismic deformation near the Izmit earthquake (08/17/99, M=7.5) rupture zone, Bull. Seismol. Soc. Am., 92, 194-207, 2002.

Ergintav, S., S. McClusky, E. H. Hearn, R. E. Reilinger, R. Cakmak, T. Herring, H. Ozener, O. Lenk, and E. Tari, Seven years of postseismic deformation following the 1999, M = 7.4 and M = 7.2, Izmit-Düzce, Turkey earthquake sequence, J. Geophys. Res., doi:10.1029/2008JB006021, in press, 2009.

Feigl, K., et al., Estimating slip distribution for the Izmit main shock from coseismic GPS, SPOT, and ERS-1 measurements, Bull. Seismol. Soc. Am., 92, 161-171, 2002.

Hearn, E. H., Hager, B., and Reilinger, R., Viscoelastic deformation from North Anatolian Fault Zone earthquakes and the eastern Mediterranean GPS velocity field, Geophys. Res. Lett., 29, 10.1029/2002GL014889, 2002a.

Hearn, E. H., S. McClusky, S. Ergintav, and R. E. Reilinger, Izmit Earthquake postseismic deformation and dynamics of the North Anatolian fault zone, J. Geophys. Res., doi:10.1029/2008JB006026, in press, 2009.

Mahmoud, S., R. Reilinger, S. McClusky, P. Vernant, and A. Tealeb, GPS evidence for northward motion of the Sinai block: Implications for E. Mediterranean tectonics, Earth and Planetary Sci. Lett., 238, 217-227, 2005.

McClusky et al., GPS constraints on plate kinematics and dynamics in the eastern Mediterranean and Caucasus, J. Geophys. Res., 105, 5695-5719, 2000.

McClusky, S., R. Reilinger, S. Mahmoud, D. Ben Sari, and A. Tealeb, GPS constraints on Africa (Nubia) and Arabia plate motion, Geophys. J. Int., 155, 126-138, 2003.

Meade, B.J., et al., Estimates of seismic potential in the Marmara region from block models of secular deformation constrained by GPS measurements, Bull. Seismol. Soc. Am., 92, 208-215, 2002.

Reilinger, R.E., S. Ergintav, R. Burgmann, et al., Coseismic and postseismic fault slip for the 17 August, M=7.5, Izmit, Turkey Earthquake, Science, 289, 1519-1524, 2000.

Reilinger, R., S. McClusky, P. Vernant, and 20 others, GPS constraints on continental deformation in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions, J. Geophys. Res., BO5411, doi:10.1029/2005JB004051, 2006.

Reilinger, R.E., S. McClusky, D. Paradissis, S. Ergintav, and P. Vernant, Geodetic constraints on the tectonic evolution of the Aegean region, Tectonophysics, doi:10.1016/j.tecto.2009.05.027, in press, 2009.

Vernant, P., and J. Chéry, Mechanical modeling of oblique convergence in the Zagros, Iran, Geophys. J. Int., 165, 991-1002, 2006.

2. OBJECTIVES AND JUSTIFICATION
The overarching objective of this proposed research is to understand the mechanics of continental deformation. This involves determining how strain (and stress) is accumulated in the lithosphere (crust and upper mantle) as a function of space and time, and similarly how accumulated strain (and stress) is released during and following earthquakes. This and the related questions of the forces driving/resisting plate motions, and the rheology of the continental lithosphere are the main objectives of all of our research efforts (see Current and Pending Support).  While these are “lofty goals”, we believe they are achievable and that the unique data presently available, and here proposed, for the Izmit-Duzce earthquake sequence, analyzed within the context of strain accumulation and release on the NAF system in general (Figure 1, 2), and integrated with seismic, gravimetric, morphologic, and paleoseismic observations, offer an opportunity to make substantial progress on deciphering the mechanics of continental deformation.
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Figure 1. Schematic tectonic/topographic/bathymetric map showing the location of the 1999 earthquake rupture (red segment) within the context of 20th Century earthquake ruptures on the NAF. Numbers indicate the year the earthquakes occurred (i.e., 12 = 1912), and red arrows the extent of mapped surface breaks for each event. Pink lines show locations of trans-NAF GPS profiles (see Figure 2) that our Turkish partners and we are monitoring as part of our regional geodynamic studies (supported in part by NSF EAR-0838488 to MIT).
Specific objectives of the research proposed here include, 1) extend our geodetic analysis to include GPS data from the Izmit postseismic monitoring network now available for the past 4 years, 2) continue high quality and well documented continuous and survey-mode GPS monitoring of the Izmit-Duzce earthquake sequence postseismic deformation, 3) incorporate newly available GPS data (including 2 stations we propose to install) and other observations relevant to earthquake cycle processes (i.e., repeat gravity, InSAR, seismicity, geologic information on historic and prehistoric earthquake activity) to determine better the 4-D character of postseismic motions and their relation to long-term fault behavior, and 4) use the resulting, improved estimates of earthquake cycle deformation to investigate quantitative models for the earthquake deformation cycle. 
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Figure 2. Observed GPS velocities along the western (top) and eastern (bottom) sections of the NAF (velocities in the top panel are from pre-1999 earthquake data only). Red diamonds are CGPS stations and blue triangles SGPS sites – symbols with no velocities remain to be incorporated in our analysis, as here proposed. Green circles indicate the location of gravity measurements. Light lines show schematic representation of the NAF and its main splays – hatched lines are normal faults in the Sea of Marmara. The location of the August 27th 1999 Izmit/Duzce earthquake rupture is shown by the purple line.
This research addresses fundamental questions concerning the dynamics of continental deformation as well as practical issues related to earthquake hazards in a highly populated and industrialized part of Turkey. The research is further justified by the potential implications for understanding the mechanics of earthquake generation on similar strike-slip faults, most notably, the San Andreas Fault (Stein et al., 1997). Understanding better the mechanics of strain accumulation and release is a prerequisite for estimating earthquake probabilities and mitigating their effects.

Our studies to date have provided strong constraints on the character of strain accumulation prior to the Izmit-Duzce earthquake sequence late in the earthquake cycle (i.e., the distribution of pre-earthquake strain accumulation across the coseismic fault; Reilinger et al., 2000, Meade et al., 2002, Reilinger et al., 2006), the distribution of coseismic slip on the fault (i.e., Reilinger et al., 2000, Feigl et al., 2002, Burgmann et al., 2002), and the spatial and temporal character of deformation during the first few years following the earthquake sequence (e.g., Reilinger et al., 2000, Ergintav et al., 2002, Hearn et al., 2002b, Ergintav et al., 2009, Hearn et al., 2009).  Because much of our proposed research builds on these earlier results, we review them briefly below.
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Figure 3. The pre-earthquake GPS velocity field from a block model (from Ergintav et al., 2009). Pink velocities show residual velocities (observed minus modeled) where pre-earthquake observations are available (Figure 2). The locations of the proposed CGPS sites on the Princes Islands are indicated by red and white stars.
Pre-, Co-, and Early Post-Seismic Deformation of the Izmit-Dizce Earthquake Sequence 
The main results of our prior studies are presented in two papers now in press for the Journal of Geophysical Research (Ergintav et al., 2009, Hearn et al., 2009).  Both papers are available on the JGR web site (http://www.agu.org/journals/jb/papersinpress.shtml). Here we briefly review the main results of these studies.

Figure 1 shows the location of the Izmit-Duzce earthquake sequence within the context of the 20th Century sequence of earthquakes that ruptured almost the entire NAF (excluding the seismic gap in the Marmara Sea).  Figure 2 (top) shows the observed pre-earthquake, “secular” velocity field and Figure 3 the secular velocity field determined from an elastic block model (Reilinger et al., 2006) constrained by GPS during the 10-year period prior to the 1999 earthquake sequence (Ergintav et al., 2009). The pink velocities in Figure 3 are the residual velocities (observed – modeled) from the elastic block model. The velocity profile crossing the Izmit coseismic fault is consistent with elastic strain accumulation (i.e., arctangent) along the NAF with a locking depth (~20 km) that is consistent with earthquake hypocenter depths on this segment of the fault (e.g., Reilinger et al., 2006, Figure 5 of that paper). The small residual velocities in Figure 3 suggest that the pre-earthquake block model provides a reliable estimate of pre-earthquake strain accumulation (i.e., discrepancies of 1 – 2 mm/yr). This is important because our estimates of changes in site velocities following the earthquake sequence (i.e., isolating postseismic motions) rely on accurate estimates of pre-earthquake site velocities, including for locations where pre-earthquake observations are not available. Part of our proposed research involves incorporating newly available geodetic data to further constrain pre-earthquake strain accumulation (Initiative 3).
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Figure 4. Top 2 panels show ANKR GPS displacement time series (see Figure 2 for station location). North and east position time series are shown, with weekly positions and one-sigma errors (68% confidence limits). Coseismic offsets and offsets due to the interseismic velocity have been removed from these data. Displacements are relative to a fixed Eurasian plate. Symbols are colored blue after August 17, 1999 (Izmit earthquake) and gray after November 12, 1999 (Duzce earthquake). NRMS and WRMS refer to the normalized and weighted root mean squared residual, indicating the quality of the fit of the log function to the GPS data. Rate refers to the interseismic (pre-1999) velocity. 

Bottom 2 panels show ANKR GPS displacement time series, but after the removal of a single logarithmic term with a 10-year decay time (red line in top 2 panels). 
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Figures 4 (top 2 panels) and 5 (top left 2 panels) show time series for the continuous GPS stations at Ankara (ANKA; >200 km from earthquake fault), and Gebze (TUBI; < 10 km from the earthquake fault) (see Figure 2 for locations). Both stations indicate postseismic motions that are consistent in orientation with the double-couple pattern expected from afterslip and/or viscoelastic relaxation (Figure 6c).  As indicated in Figures 4, and 5, the Ankara station shows a change in velocity at the time of the earthquake sequence that is consistent with logarithmic decay with a time constant of ~10 years. In contrast, the Gebze station located near the fault requires 3 time constants (1 day, 5 months, and 10 years) to account for the postseismic velocity change. 

Figure 5. Panels 1 and 2 (top left) show TUBI north and east GPS displacement time series, fit with the complete, three-term log function (red line). Coseismic offsets and offsets due to the interseismic velocity have been removed from these data, and displacements are relative to a fixed Eurasian plate. NRMS and WRMS refer to the normalized and weighted root mean squared residual, indicating the quality of the fit of the log function to the GPS data.  Rate refers to the secular (pre-1999) velocity. Symbols are colored blue after August 17, 1999 and gray after November 12, 1999. 
Panels 3 and 4 (bottom left) show TUBI displacement time series, after removal of the 3500-day logarithmic function term. The east and north components clearly show remaining, rapidly decaying velocities that are not adequately modeled. 
Panels 5 and 6 (top right) show TUBI displacement time series, after removal of the 3500-day and 150-day logarithmic function terms. The east component still shows a remaining, very rapidly decaying term. 
Panels 7 and 8 (bottom right) show TUBI displacement time series, after removal of the one-day, 150-day, and 3500-day logarithmic function terms that provides an acceptable fit to the full time series.

In order to constrain the 10-year relaxation term with only 6 years of postseismic data, we assumed that all stations within the postseismic deformation zone will return to their pre-earthquake velocities prior to the next earthquake (historic and paleoseismic studies indicate repeat times of ~200 – 300 years; Klinger et al., 2003, Rockwell et al., 2001, Utkucu et al., 2008). Extending our monitoring of postseismic deformation (Initiative 2) will provide the data to directly test this assumption.
Figure 6 shows GPS postseismic motions at 1 week, 6 months, and 6 years following the earthquake sequence, determined by subtracting the modeled pre-earthquake, secular velocities (Figure 3) from velocities estimated from post-earthquake observations (i.e., the secular velocity field has been removed leaving only the component of postseismic motion). We make the following first-order observations that are relevant to the research here proposed: 
1) Six years after the Izmit-Duzce earthquake sequence, postseismic motions persist, exceeding 7 mm/yr near the coseismic fault, and exceeding 3 mm/yr out to at least 200 km from the fault (Figure 6c). These rates are equivalent to 30 – 15% of the geodetically measured tectonic loading rate of the NAF (near and far from fault, respectively). 

2) Postseismic motions during the first week following the earthquake (Figure 6a) show the expected double-couple pattern with motions decaying rapidly with distance away from the coseismic rupture. These motions are consistent with afterslip on shallow fault patches that slipped less coseismically than surrounding areas, and slip below the fault segments with the largest coseismic slip (Ergintav et al., 2009).

3) Postseismic motions are distributed roughly symmetrically across the fault (as were coseismic motions; Reilinger et al., 2000), indicating that crustal elastic parameters do not differ greatly north and south of the fault. This is important because Le Pichon et al. (2003) suggest that large variations in elastic properties across the fault may account for the low level of strain accumulation observed N of the fault in the Marmara Sea (Figure 2, top). An alternate interpretation suggested by Meade et al. (2002), appeals to a shallow locking depth for the Main Marmara Fault to account for the low strain N of the fault, suggesting that future earthquakes in the Marmara seismic gap will be smaller than some prior estimates (Hubert-Ferrari et al., 2000) and more consistent with historic earthquake studies (Ambraseys, 2002). 

4) Although the postseismic deformation pattern adjacent to the coseismic fault is overall consistent with the expected double-couple pattern, GPS sites on the Armutlu Peninsula (CINA, FIST, DUMT, etc.; Figure 6c) also indicate southerly motion, and sites west of the rupture in the Marmara Sea region indicate south to southeast motions following the earthquake sequence. This “non-double-couple” motion is difficult to ascribe to expected postseismic processes (Savage, 1990, Ergintav et al., 2009). Regional tectonic stresses and changes in fault strength as a result of the earthquake sequence (Hearn et al., 2009) may be able to account for these motions, but additional observations (Initiative 1, 2) are needed to test further this hypothesis.

5) Initial dynamic modeling of early postseismic deformation (2.5 years after the earthquake sequence) confirms initial afterslip but also suggests viscoelastic relaxation of lower crust and upper mantle after several months following the earthquakes with a viscosity on the order of 2-5 x 1019 Pa s (Hearn et al., 2009). 

6) While this linear viscous rheology can account for the postseismic motions, this range of viscosity values is not consistent with the observed localized strain accumulation prior to the earthquake sequence (Hearn et al., 2009), possibly implying a transient (or Burgers body) rheology (Hetland and Hager, 2004).
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Figure 6. GPS site velocities (a) one week, (b) six months, and (c) six years after the 1999 Izmit earthquake. These velocities have been corrected for interseismic deformation using the pre-Izmit velocity field shown on Figure 3. On Figure 6a, MMF is the Main Marmara Fault (based on Demirbag et al., 2003), AP is the Armutlu Peninsula, and PIF is the Princes Island Fault. Gray lines show the Izmit earthquake rupture trace. Only velocities from GPS sites that were being monitored during the relevant time intervals are shown on these plots. 
3. PROPOSED RESEARCH
As indicated in the prior section of this proposal, substantial questions remain concerning the temporal and spatial character of postseismic deformation, and accordingly, the rheological structure of the crust and upper mantle, and the physical processes and fault characteristics that control strain accumulation and release (and hence, earthquake occurrence) on the North Anatolian and similar continental strike slip faults. Specific questions we expect to address with the research proposed here include, 1) Does our present representation of postseismic deformation (i.e., 3 log terms with “time constants” of days, months, and 10 years) define well the most recent motions (including those we will deduce from the observations here proposed through 2014, extending to 15 years after the earthquake), or are longer time constant terms, or other functional representations required? 2) What is the time behavior of the anomalous motions observed in the western Marmara region – are these motions decaying to the observed pre-earthquake motions, thereby supporting the notion that they are associated with postseismic processes, and if so, what are the implications for earthquake-induced variations in fault behavior and earthquake interactions? 3) If the anomalous motions observed in the western Marmara region are not decaying to their pre-earthquake rates, could they be a result of improper modeling of the pre-earthquake strain field, and if so, what are the implications for pre-earthquake strain accumulation and earthquake hazards? 4) Are there alternative postseismic deformation models/processes that could better describe the observed deformation, particularly at large distances from the coseismic rupture? Addressing these questions will require incorporating post-2006.5 GPS data from our MRC partners and other available data in our analysis, continuing deformation monitoring, investigating a range of analytical descriptions to best define the temporal and spatial character of the postseismic deformation field, and integrating other data in our analysis to constrain dynamic models for the observed deformations.

We propose 4 specific initiatives to be completed during the 5-year grant period requested.  

Initiative 1. Extend our geodetic analysis to include data that are now available for the past 4 years.  Our prior geodetic analysis of Izmit postseismic GPS observations extended through mid-2006 when we terminated data processing to focus on analysis, modeling, interpretation, and publication of our results. All the CGPS stations used in our analysis continue to operate and all these data have already been provided to us by MRC. In addition, MRC reobserved Izmit-Duzce postseismic survey sites in 2006.5, 2007.5, 2008.5, and is presently planning observations for a 2009 survey (see attached letter from MRC). Incorporating these data in our analysis will extend our time series by roughly 30%. This will provide an important test of our analytical approach to fitting station time series and will offer opportunities to develop better ways to characterize postseismic deformation. Accordingly, our first initiative will be to process and analyze these available data.
Initiative 2. Continued monitoring of Izmit-Duzce postseismic deformation with continuous and survey GPS observations.  As described in the previous section, our analysis indicates “double-couple like” deformations following the earthquake sequence that are generally consistent with anticipated mechanisms of postseismic deformation (i.e., afterslip and/or viscoelastic relaxation) as well as “anomalous” motions that appear to be incompatible with our present understanding of postseismic processes. Both of these aspects of the postseismic deformation require further observations; “double-couple like” deformations to constrain better the temporal and spatial characteristics of the longer time constant characterizing this process, and the “anomalous” motions to determine better their temporal and spatial character to help constrain underlying dynamic processes.

Our Turkish partners, under the direction of the Marmara Research Center (MRC), are providing the bulk of the support needed to both maintain the Marmara CGPS Network and to undertake annual observations of the survey network (Figure 2). We here request support to augment the 2011 annual survey and for an MIT scientist to contribute to planning, pre-survey equipment testing, and training for each of the annual surveys. Our intent is to assure that the observations are of the highest quality possible. 

Although not an explicit item in our MIT budget, a significant objective of this proposal is to assure continued support of the Marmara continuous GPS network by UNAVCO.  This would involve mainly “remote” technical assistance including providing MRC the most up to date information on GPS equipment, telecommunications, and monumentation.  We do not anticipate the need for in-field engineering support from UNAVCO.  We do request living expenses for an MRC engineer to visit UNAVCO for 1 week during the 1st year of the project – they will provide their own travel costs. Again, UNAVCO support for MRC will assure the highest quality CGPS data to constrain on-going deformation.

In addition to continuing observations of the existing GPS network, we request support to install continuous GPS stations at two locations on the Princes Islands (Figure 3).  These stations would be located within the PIRES seismic array on the GONAF deep boreholes being proposed to the ICDP by colleagues from the GFZ in collaboration with MRC (see letter of cooperation from GFZ).  These locations are very close (~5 km or less) to the segment of the NAF that connects the Izmit coseismic rupture with the northern branch of the NAF that is located along the northern margin of the Marmara Sea. The north branch of the NAF is now known to accommodate the main slip along the fault system (e.g., Le Pichon et al., 2003, Meade et al., 2002), and as such represents the principal hazard in the greater Istanbul region (Hubert-Ferrari et al., 2000). These new GPS stations will help constrain the transfer of strain through the eastern Marmara (aseismic vs seismic slip, fault locking depth and dip) and the role of block rotations and basin extension in accommodating this strain transfer (note the apparent postseismic, counterclockwise rotation of the Armutlu Peninsula and the SW Marmara blocks; Figure 6c).  We propose to use UNAVCO GPS systems for these stations (see UNAVCO letter of support), and logistical support for the installations will be provided by GFZ and MRC.  We request in our budget only minimum peripheral equipment for these stations (we will use power and communications available at the borehole sites).

Initiative 3. Incorporate new GPS, gravity, INSAR, and geologic data (long-term fault slip rates and pre-historic earthquake record) in our analysis.  Additional continuous and survey-mode GPS data in the postseismic deformation zone recorded since the earthquake sequence by independent projects are now available to include in our analysis.  Figure 2 shows new GPS sites, including survey and continuous sites from the General Command of Mapping (O. LENK, GCM, personal communication, 2009), and continuous stations that constitute the Turkish CORS Network (K. Erin, Kultur University, personal communication, 2009). These data will allow us to extend our postseismic analysis to greater distances from the coseismic fault, providing better constraints on far-field deformation, and presumably deeper viscoelastic relaxation, and will strengthen our postseismic analysis of intermediate and long-term relaxation parameters (i.e., these stations were installed 3 – 9 years after the earthquake sequence).

The MRC has also been conducting repeat gravity surveys since 2003 across the western end of the Izmit coseismic rupture, around Istanbul, and across the Dardanelles, west of the Marmara Sea (Figure 3).  The gravity stations are all co-located with either continuous or survey GPS sites in the Izmit postseismic network. Initial analysis (2003-2005, Ergintav et al., 2007) indicates gravity changes that are consistent in sign with expected vertical motions from viscoelastic relaxation (Hearn et al., 2009), but the amplitude of the gravity changes are 5-10 times larger than those indicated by GPS (using free air gravity correction). Possible effects of seasonal changes in surface moisture and ground water levels remain a concern that we will address with the most recent observations. MRC has continued to conduct biannual gravity surveys of this network, and they are now compiling water level and meteorological data to estimate possible effects of water table changes and soil moisture. We will continue to work closely with MRC and their partners on this project (Darmstadt University of Technology) in order to determine better the implications of these data, if any, for postseismic deformation processes.

In addition to the GPS data, information on Izmit-Duzce postseismic deformation may be available from InSAR measurements. We propose to work with colleagues from Istanbul Technical University (Ziyadin Cakir) on this aspect of our proposed study. Cakir et al. (2005, 2009) used InSAR and repeated ground-based LIDAR to quantify fault creep along the Ismetpasa segment of the NAF, east of the Duzce surface break. They are acquiring additional InSAR scenes around the Izmit surface break during the postseismic period and are investigating image-stacking and permanent scatter approaches to determine ground motions (personal communication, Zaydin Cakir, 2009). They are presently working with our Turkish collaborators at MCR, facilitating our broader collaboration (see MRC letter of support).

Following the 1999 earthquake sequence, a renewed effort was made to determine better the nature of historic and prehistoric earthquakes (i.e., timing, locations, offsets) along the NAF system. This has included a re-evaluation of the 2000-year historic earthquake record (e.g., Ambraseys, 2002, 2009), paleoseismic studies (e.g., Rockwell et al., 2001), and quantitative geomophological studies of offset features over a range of time scales (e.g., Hubert-Ferrari et al., 2002, Kozaci et al., 2009). A consistent result of these studies is a tendency for longer-term slip rates to be roughly 10 – 15% less than geodetic estimates (i.e., 15 – 20 mm/yr geologic; 25 ± 2 mm/yr geodetic; James Dolan, personal communication, 2009). Possible explanations for this apparent discrepancy include, 1) failure of narrow-aperture geologic slip-rate measurements to capture slip across the complex NAF system (Sengor et al., 2004), 2) less total slip near the surface, were geologic slip rate estimates are determined, than on deeper parts of the fault that determine geodetic slip rates (e.g., Feigl et al., 2002), presumably due to anelastic deformation of the less consolidated surface materials, 3) issues associated with locking depth in the geodetic models (Reilinger et al., 2006, Figure 10 of that paper), and 4) viscoelastic earthquake-cycle effects, including possible contamination of the geodetic data by postseismic signals associated with earlier earthquakes in the 20th Century sequence (Figure 1; Mantovani et al., 2001, Hearn et al., 2002a). Quantifying better the longer-term postseismic effects of the Izmit-Duzce earthquake sequence, as we propose here, will provide direct constraints on the possible continuing impact of postseismic processes of the 20th Century NAF earthquake sequence on present-day (geodetic) slip rate estimates as well as on estimates of Anatolia plate motion. Better constraints on NAF “secular” slip rates are important for estimating earthquake repeat times, and accordingly earthquake hazards. Similarly, better constraints on postseismic effects at GPS stations in the far field (e.g., Ankara) are important for regional plate dynamics because the rapid present day eastward motion of the Anatolian Plate compared with motion of Arabia has been used to argue against the extrusion model (e.g., Sengor et al, 1985) and for models that favor rollback of the subducting African plate along the Hellenic and Cyprus trenches driving Anatolia motion (e.g., Royden, 1993, ten Veen et al., 2004, Reilinger et al., 2006, Almendinger et al., 2007). 

Initiative 4. Quantitative modeling to constrain rheology and fault mechanics.  

Our prior three initiatives are all aimed at quantifying the spatial and temporal behavior of Izmit-Duzce postseismic deformation. This, and presenting the results in a timely and consistent way (i.e., both observed and functional representations of all site/station time series with well-defined uncertainties) remain our first priority. However, as stated earlier, our principal objective is to use these unique data to constrain models for the mechanics of continental deformation and the earthquake cycle. While we hope and expect that other geodynamicists will use the results of our proposed study to develop and constrain earthquake cycle models, we believe we are in a strong position to contribute to this effort because, 1) we are familiar with the geodetic network and observations, 2) we understand the strengths and limitations of the basic observations and analytical representations of the deformation field, 3) our ongoing monitoring of deformation along the length of the NAF provides a basis to place the Izmit results in the broader context of strain accumulation and release as a function of time in the earthquake cycle (Figure 1), and 4) our ongoing studies of regional plate kinematics and dynamics provide a broad context from which to evaluate the interaction between plate dynamics and fault kinematics (i.e., the possible impact of fault dynamics on the motion of the Anatolian plate [Mantovani et al., 2001, Hearn et al., 2002], possible interaction between regional stress field and postseismic deformation processes [Ergintav et al., 2009]).

We propose to work directly with partners at the University of Montpellier II and CNRS (Jean Chery, Michel Peyret and Philippe Vernant), who have independent support to develop models for the mechanics of postseismic deformation (see letter of cooperation from CNRS). Our aim is to develop and test physical models for the mechanics of faulting and crustal/uppermantle rheology that are consistent with the observed strain associated with all phases of the earthquake cycle for the Izmit-Duzce earthquake sequence. We will begin by developing analytic and semi-analytic models that provide insight into the extent to which afterslip and variable fault properties can account for observed deformation throughout the entire earthquake seismic cycle, extending the study of Ergintav et al. (2009). Additionally, we will use numeric models to explore a wider range of geometries and rheologies than the analytic models can allow. We will use our 3-D finite element code (Chery et al., 2001) constrained by our estimates of cosesimic fault slip (e.g., Feigl et al., 2002, Burgmann et al., 2002), interseismic tectonic loading (Reilinger et al., 2006; this proposal) and postseismic relaxation (Ergintav et al., 2009; this proposal) to determine the suite of realistic lithospheric rheologies, and fault parameters that are admissible (e.g., Provost and Chery, 2006). The advantage of 3D finite element models is that they allow the simple implementation of the numerous rheologies and fault geometries that honor the known structure of the lithosphere (from seismology and other geophysical data). As stated, these model-based inferences are most often non-unique, and thus instead of providing a single preferred model, will define a range of models and parameters consistent with the observations. The range of acceptable models will be determined from “reasonable” values for these parameters. Based on our earlier studies (Hearn et al., 2009), we anticipate the need to include viscoelastic relaxation of the lower crust and/or uppermantle to account for the longer-term postseismic motions. Accordingly, we will systematically investigate crustal and mantle rheological structures that, in combination with afterslip can account for the observed postseismic deformation as well as the pattern of pre-earthquake strain accumulation. The unique data set for the Izmit-Duzce earthquake sequence should provide useful constraints on allowable viscous properties of the fault zone and the lithosphere. An additional, important output of the model will be the prediction of strain and stress transfer to other fault segments, thus constraining the time dependent probability of further earthquakes in the Marmara region.

An important feature of many continental earthquakes is that they do not occur regularly but rather as clusters in time. The San Andreas fault (e.g., Weldon et al., 2004), Dead Sea fault (Meghraoui et al., 2003), and faults in Mongolia (Chery et al., 2001a) exhibit earthquake clustering behavior. In contrast, the NAF apparently exhibits a mixed behavior including a systematic propagation of earthquakes along the strike of the fault (e.g., Ambraseys, 2002, Stein et al., 1997) as well as earthquake clustering on the longer term (Nur and Cline, 2000). Developing mechanical models that can account for these different behaviors will further constrain allowable fault mechanical and rheological models, and is mandatory to establish time dependent earthquake probabilities. We will use the long historical earthquake record on the NAF to study earthquake interaction and clustering. Both coseismic and postseismic stress transfer will be computed for each known rupture sequence, varying fault parameters and crustal/mantle rheology within bounds established from our earlier modeling studies. All these stress transfers plus the secular loading will be combined in a global earthquake generator in order to compute synthetic earthquake sequences (Chery et al., 2001b). These simulations will help clarify which mechanical parameters may control earthquake time clustering. We expect that comparative studies between the mechanics of faulting on the NAF and SAF will provide insights into the mechanics of both faults with implications for estimating earthquake recurrence times.

Schedule

Year 1 (2010): 

— Process/analyze available GPS data; Plan/organize SGPS of Marmara network (survey financed by MRC); Install Princes Islands CGPS at GFZ PIRES/GONAF seismic array sites (if GFZ is not supported by ICDP, MRC will provide logistical support for the installations); Acquire and begin processing SAR data (ITU and MRC); Begin developing eq cycle models (Montpellier); MRC visit to UNAVCO and MIT.

Year 2 (2011):

— Acquire GPS data from GCM and CORS-TR; Plan/organize SGPS of Marmara network (survey costs supplemented by this grant); Process/analyze newly available GPS data; Refine pre-earthquake strain accumulation model and compare to other trans NAF profiles; CNRS visit to MIT for data analysis/modeling. 

Year 3 (2012):

— Plan/organize SGPS of Marmara network (survey financed by MRC); Process/analyze newly available GPS data; Compile gravity data (and hydrologic meta-data) and work with MRC and Darmstadt on processing and analysis; evaluate InSAR results from ITU and, if appropriate, integrate with GPS deformation results; MRC visit to MIT for data analysis/preparation of AGU presentation.

Year 4 (2013):

— Plan/organize SGPS of Marmara network (survey financed by MRC); Process/analyze newly available GPS data; Analytic characterization of GPS postseismic time series; Integrate GPS, gravity, InSAR data to constrain full eq cycle deformation (including vertical from CGPS, gravity, InSAR); Continue modeling to constrain afterslip/viscoelastic relaxation processes.

Year 5 (2014):

· Plan/organize SGPS of Marmara network (survey financed by MRC); Process/analyze newly available GPS data; Analytic characterization of GPS postseismic time series; Integrate GPS, gravity, InSAR data to constrain full eq cycle deformation (including vertical from CGPS, gravity, InSAR); Continue modeling to constrain afterslip/viscoelastic relaxation processes; MRC and CNRS visits to MIT to complete data analysis and modeling, and to prepare AGU presentations and papers.

Partner Contributions
The research we are proposing is highly leveraged by contributions from our international partners. The TUBITAK (Turkish NSF) Marmara Research Center (MRC) is providing the great majority of funding for annual re-observation of the postseismic GPS survey network ((40 survey sites measured annually – only 1 survey supplemented by funds requested here). As in the past, MRC will coordinate participation from our partners from Istanbul Technical University and Kandilli Observatory in these annual surveys. In addition, MRC is taking full responsibility for maintaining, downloading (including all telecom costs), and providing data to MIT from the 23 station MAGNET CGPS Network. We request only technical support from UNAVCO for the CGPS network. MRC also maintains an extensive seismic network around the Izmit-Duzce earthquake area, including the Marmara Sea region, data from which will be available to aid with interpretation of the geodetic results. MRC will also collaborate with MIT scientists and their partners from Darmstadt University on the analysis of repeat gravity measurements for estimating postseismic vertical motions, and with ITU (Ziyadin Cakir) on integrating InSAR deformation estimates with the GPS results (InSAR research fully funded by TUBITAK).

In 2005 the Turkish government authorized the establishment of a National GPS Reference Network (CORS_TR) with average station spacing of about 50 km (Figure 2; http://cors-tr.iku.edu.tr/index.php?lang=en). MIT will have access to the CORS-TR data in and around the Izmt-Duzce postseismic deformation zone through our cooperative agreements with TUBITAK MRC and Kultur University. We anticipate that these data will aid in defining the broad scale deformation late in the postseismic period (stations were installed between 2006 and 2008). Additional GPS survey data from the Turkish National Network (Figure 2, top) may also be provided for joint analysis with our Turkish collaborators (personal communication, Onur Lenk, GCM).

Finally, the geodynamic modeling effort we propose will be accomplished in cooperation with our colleagues from the University of Montpellier II and CNRS (Chery, Vernant, Peyret) who have independent support for this initiative.
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